Radiative wireless power transfer (WPT) is a promising technology to provide cost-effective and real-time power supplies to wireless devices. Although radiative WPT shares many similar characteristics with the extensively studied wireless information transfer or communication, they also differ significantly in terms of design objectives, transmitter/receiver architectures and hardware constraints, and so on. In this paper, we first give an overview on the various WPT technologies, the historical development of the radiative WPT technology and the main challenges in designing contemporary radiative WPT systems. Then, we focus on the state-of-the-art communication and signal processing techniques that can be applied to tackle these challenges. Topics discussed include energy harvester modeling, energy beamforming for WPT, channel acquisition, power region characterization in multi-user WPT, waveform design with linear and non-linear energy receiver model, safety and health issues of WPT, massive multiple-input multiple-output and millimeter wave enabled WPT, wireless charging control, and wireless power and communication systems co-design. We also point out directions that are promising for future research.
I. INTRODUCTION
T RADITIONALLY, electronic devices such as cell phones, laptops, digital cameras, etc. are mostly powered by batteries, which have limited energy storage capacity and thus need to be regularly recharged or replaced. With the widespread use of portable electronic devices during the past decade, mainly driven by the fast growing market on smart phones, tablets, wearable electronic devices, etc., there is also an ever-increasing interest for powering devices wirelessly. Compared to the conventional battery, wireless charging Manuscript received November 12, 2016 ; revised February 7, 2017; accepted February 20, 2017. Date of publication March 1, 2017; date of current version May 13, 2017 . This work has been partially supported by the EPSRC of UK, under grant EP/P003885/1. The associate editor coordinating the review of this paper and approving it for publication was D. I. Kim is a promising alternative that is in general more userfriendly by eliminating the hassle of connecting cables, more cost-effective by enabling on-demand energy supplies and uninterrupted operations, more environmental preserving by avoiding massive battery disposal, and sometimes essential for applications in which manual battery replacement/recharging is dangerous (e.g., in hazardous environment) or even impossible (e.g., for biomedical implants). The key enabler for wireless charging is the advancement of dedicated wireless power transfer (WPT) technology [1] - [6] , a collective term that refers to any method of delivering power from one place to another without interconnecting wires. Various WPT technologies have been developed so far, including inductive coupling, magnetic resonant coupling, electromagnetic (EM) radiation, and laser power beaming, among others. An overview of them is given in the following.
A. Overview of WPT Technologies
Inductive coupling is a near-field WPT technology where power is transferred between two properly aligned transmitter/receiver coils by magnetic field [7] - [13] . Similar to transformers, the fundamental principles of inductive WPT are Ampere's law and Faraday's law of induction. The alternating current passing through the transmitter coil creates a timevarying magnetic field, which, upon passing through the receiving coil, induces an alternating current in the receiving circuit that could be converted to usage energy. Inductive coupling is able to achieve high power transfer efficiency (e.g., up to 90%), but the transmitter and receiver need to be in close proximity and aligned accurately. Thus, inductive coupling is not suitable for charging multiple devices concurrently when the devices are freely placed in an area.
Magnetic resonant coupling is another near-field WPT technology that makes use of the well known principle of resonant coupling [14] - [16] , i.e., two objects resonant at the same frequency tend to couple with each other most efficiently. Though both use magnetic field as the medium for WPT, magnetic resonant coupling is able to achieve higher power transfer efficiency over longer distances than inductive coupling, by carefully tuning the transmitter and receiver circuits to make them resonant at the same frequency. Furthermore, compared to inductive coupling, WPT via magnetic resonant coupling has a relatively loose requirement on coil alignment. Leveraging this technique, a team from MIT has demonstrated lighting up a 60W light-bulb over 2 meters with about 40% efficiency [15] , which has since spurred numerous research interests on this topic [2] , [17] - [30] . Today, several interface standards have been developed for the two near-field WPT technologies, including Qi (pronounced as "Chee," coming from the Chinese word meaning "natural energy") by the Wireless Power Consortium [31] , and AirFuel by the AirFuel Alliance (a merge of the former Alliance for the Wireless Power and Power Matters Alliance) [32] . Commercial products that support the near-field wireless charging standards are already available in the market.
EM radiation, which has been primarily used for wireless communication, is another promising approach for WPT, also known as radiative WPT. In contrast to the two nearfield wireless charging methods, radiative WPT is a far-field wireless power transmission technology with the transmitter and receiver completely decoupled electrically, i.e., the energy absorption by the receiver does not affect the power radiation of the transmitter. In radiative WPT, the modulated/unmodulated energy-bearing signals at the transmitter are up-converted into the designated radio frequency, radiated by the transmitting antennas (e.g., parabolic dish antennas or antenna arrays), propagating through the wireless channel, then picked up by the receiving antennas, and finally converted into the usable direct current (DC) via devices such as rectifiers. Note that the simplest rectifiers usually consist of a matching circuit, a diode, and a low-pass filter [33] , [34] . The combination of the energy receiving antenna and the rectifier is termed rectenna [35] - [37] . Depending on the antenna size, transmitting power, as well as the propagation environment, radiative WPT may achieve power delivery over distances varying from a few meters to even hundreds of kilometers [38] . Besides longer transmission distance, radiative WPT also enjoys many other promising advantages as compared to the near-field WPT counterparts, such as smaller transmitter/receiver form factors, more flexible in transmitter/receiver deployment and movement, more suitable for concurrent power delivery to multiple receivers (i.e., power multi-casting), applicable even in non-line of sight (NLoS) environment, as well as the potential for simultaneous wireless information and power transfer (SWIPT) [39] - [41] and wireless powered communications [42] - [47] . As a result, radiative WPT has a wide range of applications, spanning from low-power wireless charging for devices such as radio frequency identification (RFID) tags, wireless sensors, Internet of Things (IoT) devices, and consumer electronics (smart phones, laptops, household robots, etc.), to high-power applications such as microwave-powered aircrafts [48] - [51] as well as solar power satellite (SPS) [52] , [53] . Encouragingly, several startup companies such as Energous (Wattup) [54] and Ossia (Cota) [55] have experimentally demonstrated the feasibility of wirelessly charging smart phones using radiative WPT technology in room-size distance (e.g., 9 meters) , which could bring a revolutionizing transform of future generation consumer electronics.
Last but not least, another potential technology for WPT is laser power beaming, which uses highly concentrated laser light aiming at the energy receiver to achieve efficient power delivery over long distances [56] - [58] . Similar to solar power, the receiver of laser powering uses specialized photovoltaic cells to convert the received laser light into electricity. One promising application of laser-based WPT technology is to provide essentially perpetual power supply to unmanned aerial vehicles (UAVs) in flight, enabling them potentially unlimited endurance aloft: a vision which would bring drastic performance improvement for numerous UAV-enabled applications [59] , [60] . A series of flight tests have been performed by LaserMotive company that successfully demonstrated the great potential of laser-powered UAVs [61] . However, laser-based WPT has several limitations. First of all, laser radiation could be hazardous. Secondly, laser beaming requires LoS link as well as accurate pointing towards the receiver, which could be challenging to achieve in practice. Moreover, compared to radiative WPT, laser beaming is more vulnerable to atmospheric absorption and scattering by clouds, fog, and rain, which greatly hinders its practical applications.
Besides dedicated WPT, another promising tetherless power solution is via passive energy scavenging, where the devices opportunistically harvest the available energy in the surrounding environment that is not intended for power delivery. The viable energy sources that could be harvested include solar, wind, vibration, ambient radio frequency (RF) signals, etc [62] - [66] . Though providing a viable solution for green energy at essentially no overhead energy cost, energy scavenging is subject to various factors that are usually beyond the operator's control, such as weather, transmission power of the surrounding RF transmitters, etc. In contrast, by using dedicated power transmitters, WPT is able to offer stable and fully controllable power supplies to wireless devices of different energy demands, and thus is anticipated to play an important role in future wireless systems.
The comparison of the various WPT technologies is summarized in Table I . The rest of this article will be focused on radiative WPT technology considering its great potential for more diversified applications compared to other alternatives.
B. History of Radiative Wireless Power Transfer
The history of WPT by radio waves can be traced back to the early work by Heinrich Hertz in 1880's [67] , whose purpose was to demonstrate the existence and propagation of electromagnetic waves in free space. In his experiment, Hertz used a spark-gap transmitter (equivalently a dipole antenna) to generate high-frequency power and detected it at the receiving end, which resembled a complete WPT system. Some years later in 1899, Nicola Tesla conducted the first experiment on dedicated power transmission without using wires [68] - [70] . In his experiment, Tesla built a gigantic coil, which was fed with 300 kW power resonating at 150 kHz. However, there was no clear record on whether any significant amount of power was collected at certain point. Thereafter, Tesla started the ambitious Wardenclyffe Tower project in 1901, where a large wireless transmission station was constructed for transmitting messages, telephony, and wireless power [69] . However, the project was not completed since Tesla failed to get continuous financial support.
During the first half of the 20th century, research on WPT was almost dormant and little progress was made. With the great advancement of microwave technology during World  TABLE I   COMPARISON OF THE MAIN TECHNOLOGIES FOR WPT War II, such as the development of magnetron tubes for highpower microwave generations and more advanced parabolic antennas for highly directional radiations, it was realized that efficient WPT became more feasible and thus the interest on WPT was revived. In 1964, William C. Brown, the pioneer of modern radiative WPT technology, successfully demonstrated a wireless-powered helicopter after the invention of rectenna [48] , [49] . In this demonstration, the helicopter was tethered for the purpose of lateral positioning, flying about 18 meters above the transmitting antenna with all the power (about 270W) received via a 2.45 GHz microwave beam. In 1968, William C. Brown demonstrated a beampositioned helicopter that uses microwave beam to automatically position the helicopter over the beam center. However, instead of powering by radiative WPT, the helicopter in this demonstration was powered via an umbilical cable. Unfortunately, due to financial issues, no further activity was performed to demonstrate the more interesting system of a completely untethered helicopter that is both powered and positioned by microwave beam [71] .
In 1968, Peter Glaser proposed the SPS concept [52] , which has since profoundly affected the research direction of radiative WPT. The main idea of SPS is to collect the solar energy by a geostationary satellite, convert it into microwave signals, and then transmit to the Earth for use via microwave beam. Due to the ample and more stable solar energy available in geostationary orbit than at ground, SPS was regarded as an effective approach to solve the energy shortage and greenhouse gases emission problems, and attracted significant research interests for more than half a century [72] - [78] . In 1975, a WPT experiment with an overall DC to DC power transfer efficiency of 54% is achieved in Raytheon Laboratory, with the transmit and receive antenna separated by 1.7m and the DC output power of 495W [79] . This is the highest radiative WPT efficiency known to date. In 1975, another remarkable experiment on radiative WPT, known as the JPL (Jet Propulsion Laboratory) Goldstone demonstration, was conducted by William C. Brown and his colleagues [80] , [81] . In this experiment, over 30kW of DC power was obtained from the rectenna receiver that was 1.54km away from the transmitter using microwave beam at 2.388GHz, which strongly demonstrated the feasibility of high power transmission over long distance via microwave. This achievement was mainly attributed to three factors: the high transmission power (450kW), the highly efficient rectenna used (with the microwave to DC conversion efficiency of 84%) [71] , [82] , as well as the large transmit and receive antennas employed (26m-diameter dish transmit antenna and a 7.3 × 3.5m rectenna array). Such encouraging results led to a comprehensive study of the SPS concept by NASA and the U.S. Department of Energy (DOE), covering technical, environmental and societal aspects, which was completed in 1980. Despite of the favorable conclusion on the SPS concept, it was recommended that the development and deployment of the SPS system should not proceed before the technology became sufficiently mature [83] , [84] . Since then, the research on SPS was mostly shifted to Japan.
In 1983, Japan launched the first rocket experiment to test high-power microwave transmission through the ionosphere, known as MINIX project (Microwave Ionosphere Nonlinear Interaction eXperiment). The MINIX experiment demonstrated the power transmission from a daughter vehicle to a mother vehicle in space using a 2.45GHz microwave beam [85] - [90] . In 1987, Canada demonstrated the first freeflying wireless-powered aircraft in the program known as Stationary High Altitude Relay Platform (SHARP) [50] , [51] , which was proposed to provide long-endurance low-cost aerial communication relaying platform. In SHARP demonstration, a 2.45-GHz microwave beam was transmitted by a parabolic dish antenna to power the aircraft 150m above the ground level. In 1992, Japan conducted the MILAX (Microwave Lifted Airplane eXperiment) experiment [85] , [90] , which was the first experiment to apply the electronically steerable phased array transmitter for radiative power transmission. In this experiment, a 2.411-GHz continuous wave (CW) unmodulated signal of power 1.25kW was transmitted by 288-element transmitting array, which was assembled on the roof of a car to move underneath the fuel-free aircraft. At the receiver side, the airplane flying at approximately 10m above the ground level was equipped with a receiving array with 120 rectennas. The maximum DC power obtained from the rectenna array was approximately 88W. In 1993, Japan conducted the ISY-METS (International Space Year-Microwave Energy Transmission in Space) experiment to demonstrate the space to space radiative power transmission [91] , [92] . In 1995, an experiment called ETHER (the Energy Transmission toward High-altitude long endurance airship ExpeRiment) was conducted in Japan [90] , which transmitted 2.45-GHz, 10-kW power to an airship flying around 40m above the ground level using parabolic antenna. In 1997, France started the project aiming to deliver 10kW of electricity power wirelessly in the La Reunion island [93] . In 2008, power was successfully transmitted wirelessly between two islands in Hawaii over 148km [38] . Although only 20W of power was received, the power delivery range in the Hawaii demonstration was significantly larger than prior experiments. In 2015, Japan announced that they successfully beamed 1.8kW power with pinpoint accuracy to a small receiver device 55m away [94] .
The main historical milestones for radiative WPT are summarized in Table II in chronological order.
C. Radiative Wireless Power Transfer: A Fresh New Look
As reviewed in the preceding subsection, radiative WPT has been historically targeting for long-distance and highpower transmissions, as mainly driven by the two appealing applications: wireless-powered aircraft and SPS. This usually requires very high transmit power (e.g., 450kW for the JPL Goldstone demonstration), huge transmit and receive antennas (e.g., 26-m diameter parabolic dish), as well as a clear LoS link between the transmitter and receiver. More recently, there has been a significant interest in radiative WPT for relatively low-power (e.g., from micro-watts to a few watts) delivery over moderate distances (e.g., from a few meters to possibly hundreds of meters) [95] , [96] , owing to the fastgrowing need to build reliable and convenient WPT systems for remotely charging various low-to medium-power devices, such as RFID tags [97] , [98] , wireless sensors [99] - [104] , consumer electronics including smart phones [105] . Though much lower power needs to be delivered as compared to the ambitious wireless-powered aircraft and SPS applications, future WPT systems that are suitable for daily use are facing many new design challenges, such as more compact transmitter/receiver equipment, more complicated propagation environment, the need to support mobility, the safety and health issues, the potential impact on wireless communication systems, etc. More specifically, the following are the authors' views on the important engineering requirements as well as the main design challenges for future radiative WPT systems.
1) Range: Depending on the power requirement and receiver sensitivity, future WPT systems are expected to achieve power delivery for distances from a few meters (e.g., for smart phone charging) to hundreds of meters (e.g., for wireless sensor charging).
2) Efficiency: The end-to-end power transfer efficiency is of paramount importance, and also one of the most challenging design aspects for radiative WPT systems. An effective radiative WPT system is expected to achieve an overall efficiency from a fractional of percent to a few percent, depending on the distance. This requires efficient DC to RF power conversion at the transmitter, highly directive RF transmission or energy beamforming over the air, as well as highly efficient RF to DC conversion at the receiver. For further improved efficiency, an end-to-end design with jointly optimized transmitter and rectennas may need to be pursued.
3) Non-Line of Sight: Although LoS is always preferred for efficient power delivery, the ability to support NLoS power transmission would significantly widen the practical applications of future WPT systems, and thus is of high practical interests. Energy beamforming over NLoS environment requires a reasonable power balance along different propagation paths, rather than focusing on a single beaming direction as in LoS scenario. To this end, a closed-loop WPT operation is needed in general, i.e., a reverse communication link from the receiver to the transmitter is used to support various functions such as channel feedback/training, energy feedback, charging control, etc. 4) Mobility Support: Effective radiative WPT systems need to support power delivery even for moving receivers, at least for those at the pedestrian speed. To this end, the transmitter should be able to flexibly adjust the beam directions, and thus renders the electronically steerable phase array or even the more advanced MIMO (multiple-input multiple-output) technique an indispensable part for radiative WPT systems. This is in a sharp contrast to early radiative WPT designs for static applications, which usually make use of high-aperture parabolic dish antennas but require mechanical antenna adjustment for direction control.
5) Ubiquitous and Authenticated Accessibility: Similar to the well-established wireless communication systems, effective WPT systems need to support ubiquitous power accessibility at any location within the power coverage area. This in general requires densely deployed and well coordinated multiple energy transmitters to form a radiative WPT network for cooperative WPT [106] . Besides, some authentification mechanisms need to be imposed, which, together with the highly directional energy beamforming, ensure that only the legitimated devices receive the significant wireless power.
6) Inter-Operate With Wireless Communication Systems: radiative WPT systems need to have a minimal adversary impact on existing or future wireless communication systems. This can be achieved via two basic approaches. The first one is to develop standalone radiative WPT systems that are sufficiently isolated from existing communication systems in terms of spectrum usage, spatial separation, or interference mitigation, etc. For example, most prior radiative WPT designs use the 2.45GHz licence-free ISM (industrial, scientific, and medical) band that has been originally reserved for various purposes other than telecommunications. On the other hand, wireless power and information transfer systems could be jointly designed to seamlessly integrate both, a paradigm that has received tremendous research interests recently. Depending on the directions of the information and energy flows and the main design criteria, there are mainly two lines of research under this paradigm, namely SWIPT (see [107] - [110] and the references therein), where information and power are transmitted concurrently using the same RF waveform in the same direction, and wireless powered communications (see [42] - [47] and the references therein), where the energy for wireless communication at the devices is obtained via radiative WPT in the opposite direction of information transmission. Some preliminary experimental results have shown the feasibility of the wireless powered communication and SWIPT concepts, especially for the low-power and low-duty-cycle sensor applications (see [98] , [111] - [113] and the references therein). However, more prototypes are needed to demonstrate the effectiveness of SWIPT and wireless powered communication for higher power applications (e.g., on the order of milliwatts and above). 
7) Safety and Health Guarantees:
Radiative WPT systems can only be widely deployed if the safety and health issues are satisfactorily resolved. Compared to wireless communications, complying with the various authority regulations to ensure safety and health imposes more design challenges in WPT systems, owing to the higher transmission power needed in general.
D. Objective and Organization
The main objective of this article is to give a systematic treatment on the new communication and signal design techniques that can be applied for achieving efficient WPT. As can be seen from the preceding subsection, efficient wireless power and communication systems share several similar characteristics and hence similar techniques can be used, such as MIMO beamforming, closed-loop operation, transmitter coordination, etc. However, most of the existing techniques developed for wireless communications cannot be directly applied in WPT systems, due to their distinct design objectives (e.g., rate versus energy maximization), different practical limitations (e.g., hardware and power constraints), as well as the different receiver sensitivities and models (linear versus non-linear). This article thus differs from the vast majority of the literature, which either treats WPT from the hardware design perspective, e.g., designing highly efficient rectennas [114] - [117] , or considers the joint wireless power and information transmission where complicated compromise between the two as well as some over-simplified assumptions on WPT have to be made. Instead, this article aims to address the various specific requirements for WPT systems envisioned in the preceding subsection, by leveraging the use of advanced communications and signals design techniques and exploiting the unique characteristics of WPT systems. Fig. 1 shows a generic WPT system, which consists of an energy transmitter (ET) and an energy receiver (ER) that are separated by a wireless medium. At the ET, the DC (or lowfrequency AC) energy-bearing signal is up-converted into the RF signal in a designated frequency band and radiated into the air by using transmitting antenna or antenna array. After propagating via the wireless channel, the RF signal arriving at the ER is picked up by the receiving antenna or antenna array, and then converted into usable DC power by rectifier. Denote by P t dc and P t rf the input DC power and output RF power at the ET, and P r rf and P r dc the input RF power and output DC power at the ER, respectively. The end-to-end power transfer efficiency e can be expressed as
where e 1 , e 2 , and e 3 denote the DC-to-RF, RF-to-RF, and RF-to-DC power conversion/transmission efficiency, respectively. Under the assumption that the DC-to-RF conversion efficiency e 1 at the ET is fixed, this article will focus on the various communication and signal processing techniques for maximizing the DC output power P r dc at the ER. In this case, both e 2 and e 3 need to be optimized, and they are in general coupled with each other due to the non-linearity of the energy rectification process at the ER. On the other hand, for scenarios with sufficiently weak incident RF power P r rf , the rectification process can be approximated as linear, as will be seen in Section II, i.e., e 3 is fixed regardless of the input power and waveform. In this case, maximizing P r dc reduces to maximizing the incident RF power P r rf , or equivalently the RF-to-RF transmission efficiency e 2 .
The rest of this article is organized as follows. In Section II, we will present a simple and tractable model of the rectenna circuit and derive the generic output DC power at the ER after rectification. Under the assumption of linear rectification at the ER, Sections III and IV will focus on various techniques on improving the received RF power at the ER for single-and multi-user WPT systems, respectively. In Section V, the general non-linear energy harvesting model will be adopted, where the power waveforms are optimized by exploiting the receiver non-linearity. Section VI extends discussions on various other issues pertaining to the design and implementation of WPT systems. Lastly, Section VII concludes the paper.
Notations: In this paper, scalars are denoted by italic letters. Boldface lower-and upper-case letters denote vectors and matrices, respectively. C M×N denotes the space of M × N complex matrices. j denotes the imaginary unit, i.e., j 2 = −1. E[·] denotes the statistical expectation and {·} represents the real part of a complex number. I M denotes an M × M identity matrix and 0 denotes an all-zero vector/matrix. For an arbitrary-size matrix A, its complex conjugate, transpose, Hermitian transpose, and Frobenius norm are respectively denoted as A * , A T , A H and A F . [A] im denotes the (i, m)th element of matrix A. For a square Hermitian matrix S, Tr(S) denotes its trace, while λ max (S) and v max (S) denote its largest eigenvalue and the corresponding eigenvector, respectively.
II. ANALYTICAL MODEL OF THE RECTENNA
A rectenna harvests ambient EM energy, then rectifies and filters it (using a diode and a low-pass filter). The recovered DC power then either powers a low-power device directly, or is stored in a super-capacitor or battery for higher power and low-duty-cycle operation.
A. Antenna Model
The antenna model reflects the power transfer from the antenna to the rectifier through the matching network. As illustrated in Fig. 2 (upper), a lossless antenna (left) can be modelled as a voltage source v s (t) followed by a series resistance R ant (right). Let Z in = R in +j X in denote the input impedance of the rectifier with the matching network. Assuming perfect matching (R in = R ant , X in = 0), all the available RF power P r rf is transferred to the rectifier and absorbed by R in , so that P r
(2)
B. Rectifier and Diode Models
Consider a single receive antenna and a rectifier composed of a single series diode followed by a low-pass filter with load as shown in Fig. 2 
(lower). Denoting the voltage drop across the diode as
where v in (t) is the input voltage to the diode and v out (t) is the output voltage across the load resistor, a tractable behavioural diode model is obtained by Taylor series expansion of the diode characteristic equation
n f v t − 1 (with i s the reverse bias saturation current, v t the thermal voltage, n f the ideality factor assumed equal to 1.05) around a quiescent operating point v d = a, namely
where k 0 = i s e a n f v t − 1 and
The output signal of the diode is passed through a low-pass filter, which removes high-frequency harmonic components and outputs the DC signal. Assume a steady-state response and an ideal low-pass filter such that v out (t) is at a certain constant DC level that does not vary over time. Choosing a = E [v d (t)] = −v out and using (2), (3) can be simplified as
Note that a = −v out highlights that the diode is negatively biased due to the output voltage v out across the load resistor being greater than zero. The DC output power is directly proportional to the DC component of the current flowing through the load. The DC component of i d (t) is the time average of the diode current, and is obtained as
There are no odd-order terms since E y(t) i = 0 for i odd.
More details on this model can be found in [118] . Throughout the paper, the aim from a system design perspective will be to find transmission strategies that maximize i out subject to a transmit RF power constraint. This may appear as a challenging problem since the rectifier characteristics k i are functions of a = −v out = −R L i out in the Taylor expansion and therefore a function of the output DC current i out . Making this dependence explicit, we can write i out in (5) as
where we truncated the Taylor expansion to order n o , and n o is an even integer with n o ≥ 2. Fortunately, it is shown in [118] that from a transmit signal/waveform optimization perspective, maximizing i out in (6) (subject to a transmit RF power constraint) is equivalent to maximizing the quantity
where
Parameters k i and z DC are now independent of the quiescent operating point a. Leveraging (7), we can now define two types of rectifier model.
Let us first truncate (7) to order 2 (n o = 2) such that z DC = k 2 R ant E y(t) 2 . We note that z DC writes as a linear function of E y(t) 2 . This is the rectifier linear model. Interestingly, finding the best transmit strategy so as to maximize z DC , subject to a transmit RF power constraint, is equivalent to the one that maximizes E y(t) 2 [119] . Therefore, for a second-order truncation, the model of the rectifier is linear, which gives a reasonable approximation for sufficiently low input RF power when the higher-order terms would not contribute relatively much to z DC . In this case, maximizing e 2 × e 3 corresponds to maximizing e 2 with constant e 3 , or equivalently the transmission strategy that maximizes the RF power at the input to the rectifier is the same strategy that maximizes the DC output current (and therefore DC output power). The linear energy harvesting model will be assumed in Sections III and IV.
Let us now truncate (7) to a higher-order term, e.g. order 4 (n o = 4) for simplicity. This is a nonlinear model of the rectifier. Quantity z DC is now approximated as
The non-linearity of the rectifier is now characterized through the presence of the fourth-order term E y(t) 4 . As it will appear clearer in Section V, maximizing z DC or equivalently e 2 × e 3 does not lead to the same solution as maximizing e 2 only.
III. SINGLE-USER WPT In Sections III and IV, we will present the various techniques for efficient WPT under the linear energy harvesting model, i.e., with constant RF-to-DC power conversion efficiency e 3 .
A. System Model
We first consider a single-user point-to-point MIMO WPT system in the general multi-path environment, where an ET equipped with M t ≥ 1 antennas transmits RF power wirelessly to an ER with M r ≥ 1 antennas. We consider the most general setup of multi-band WPT, with the commonly used single-band or single-tone power transmission as a special case. We assume that a total of N orthogonal sub-bands are used, where the nth sub-band has carrier frequency f n and equal bandwidth B s , n = 1, · · · , N. Therefore, the signal transmitted by antenna m can be expressed as
where s mn (t) a mn (t)e jφ mn (t ) with signal bandwidth no greater than B s denotes the complex-valued baseband signal transmitted by antenna m at sub-band n. For the special case of unmodulated WPT, s mn (t) is constant across t, i.e., s mn (t) = s mn = a mn e jφ mn , ∀t. In this case, x m (t) is a summation of N sinewaves inter-separated by B s Hz, and hence essentially occupies zero bandwidth.
Let L denote the number of multipaths between the ET and ER, α l and τ l be the amplitude gain and delay of the lth path, respectively. Further denote by ξ imnl the phase shift of the lth path between transmit antenna m and receive antenna i at subcarrier n, whose value depends on the array configuration, the angle of departure/arrival (AoD/AoA) of the lth path, as well as the carrier frequency f n . The signal received at antenna i due to transmit antenna m can then be expressed as
where we have assumed max
α l e jξ imnl e −j 2π f n τ l denotes the flat-fading channel between transmit antenna m and receive antenna i at sub-band n. The total received signal at antenna i is a superposition of those from all the M t transmit antennas, i.e.,
where h H in h * i1n , · · · , h * i M t n denotes the channel vector from the M t transmit antennas to receive antenna i at subband n, and s n (t) s 1n (t), · · · s M t n (t) T denotes the signals transmitted by the M t antennas at sub-band n. The total RF power received by all the M r antennas of the ER can then be expressed as
where H H n h 1n , · · · , h M r n ∈ C M t ×M r denotes the MIMO channel matrix from the M t transmit antennas to the M r receive antennas at sub-band n, and S n E s n (t)s H n (t) ∈ C M t ×M t is a positive semidefinite matrix denoting the transmit covariance matrix at sub-band n. Without loss of generality for WPT, we assume that s n (t) constitutes pseudo-random signals. 1 Note that for the special case of unmodulated WPT with s mn (t) being deterministic, we have S n = s n s H n , which is constrained to be a rank-1 matrix. Thus, as compared to unmodulated transmission, modulated WPT offers more design freedom by enabling multi-beam transmission since S n could be of arbitrary rank no greater than M t .
The RF power transmitted by the ET is
with tr(S n ) being the transmit power at sub-band n.
Under the linear energy harvesting model, the RF-to-DC energy conversion efficiency e 3 is a constant. As a result, the amount of DC power harvested by the ER is then simply given by P r dc = e 3 P r rf . In this case, maximizing P r dc is equivalent to maximizing the received RF power P r rf via optimizing the transmit covariance matrices S n over the N sub-bands.
B. Energy Beamforming
The power maximization problem based on (12) and (13) can be formulated as
where P t rf denotes the total transmit power constraint at the ET across all the N sub-bands, and P s is the transmit power limit at each frequency sub-band, which could correspond to the power spectrum density constraint imposed by the regulatory authorities [120] . For instance, according to the FCC (Federal Communications Commission) regulations Part 15.247, paragraph (e): the power spectrum density over the 902-928MHz band from the intentional radiator "shall not be greater than 8dBm in any 3kHz band" [120] . Thus, the per-sub-band power limit P s not only depends on the bandwidth B s , but also on how the power is distributed across the spectrum. In particular, compared to unmodulated WPT where the signal power is concentrated on discrete frequency tones, modulated WPT usually has more relaxed P s since the signal power of each sub-band is spread across the spectrum of bandwidth B s . Therefore, modulated WPT is in general preferable for highpower delivery where the power spectrum density constraint needs to be complied with. On the other hand, in the absence of such constraint, it would be preferred to minimize the bandwidth of WPT systems with unmodulated energy signals since they only occupy a single carrier frequency. Without loss of generality, we assume that P s ≤ P t rf ≤ N P s , since otherwise, either the sum-power constraint or the per-subband power constraint in (14) is redundant and hence can be removed. In addition, for the convenience of exposition, we assume that P t rf is an integer multiple of P s , i.e., P t rf / P s = N for some integer 1 ≤ N ≤ N.
For any given power allocation p n = tr(S n ), it is not difficult to verify that the optimal covariance matrix S n to (14) should be
where v n = v max (H H n H n ) denotes the eigenvector corresponding to the dominant eigenvalue of H H n H n . The resulting received power at each sub-band n is P r rf,n = p n λ max,n , n = 1, · · · , N,
where λ max,n = λ max (H H n H n ) denotes the maximum eigenvalue of H H n H n for sub-band n. As a result, problem (14) reduces to
Problem (17) is a simple linear programming (LP), whose optimal solution is given by
where [·] is the permutation over all the N sub-bands such that λ max, [1] ≥ λ max, [2] · · · ≥ λ max, [N] . The corresponding optimal value of problem (14) is thus given by
It is observed from (18) that for MIMO multi-band WPT systems over frequency-selective channels under linear energy harvesting model, the optimal scheme is to transmit over the N ≤ N strongest sub-bands only, each with the maximum allowable power P s . As a result, the remaining N − N unused sub-bands could be opportunistically re-used for other applications such as information transmission. The solution in (15) also shows that for each of the N strongest sub-bands, S n is a rank-1 covariance matrix, i.e., unmodulated signal with single-beam transmission is optimal at each sub-band. In this case, the energy signals are only beamed towards the strongest eigenmode of the corresponding MIMO channel H n , regardless of the transmission power level. This is in sharp contrast to conventional multi-band MIMO wireless communications, where in general all the spatial eigenmodes need to be utilized to fully realize the multiplexing gain if the transmit power is sufficiently large [121] . The expression in (19) shows that for multi-antenna WPT systems in frequency-selective channels, both frequency-diversity as well as energy beamforming gains can be achieved to maximize the power transfer efficiency.
Note that if P t rf = P s or N = 1, only the single strongest sub-band is used for power transfer, and the result in (19) can be more explicitly expressed as
This is different from the case of non-linear energy harvesting model as will be studied in Section V, where the power is in general allocated over more than one frequency sub-channels, not only on the one with the largest dominant eigenvalue.
C. Channel Acquisition
Both frequency-diversity and energy-beamforming gains shown in the preceding subsection critically depend on the channel state information (CSI) at the ET (CSIT). In principle, CSIT in WPT systems could be acquired with similar techniques as those developed in wireless communication systems [122] . However, WPT systems possess some unique characteristics, which need to be taken into account for designing efficient channel acquisition schemes tailored for power transmission, as discussed in the following.
CSI at receiver: In contrast to communication systems, which usually require CSI to be also available at the receiver for coherent signal demodulation/detection, receiver-side CSI is in general unnecessary for WPT systems, since the arriving RF signal at the ER is directly converted to the DC power by rectifiers without requiring any signal processing to be applied.
Net harvested energy: Due to the energy scarcity at the ER, an efficient channel acquisition scheme for WPT systems needs to take into account the ER's energy consumption due to channel training and feedback. To achieve an optimal tradeoff between beamforming gain and the associated energy overhead, a useful design objective could be maximizing the net harvested energy, which is defined as the amount of harvested energy at the ER offset by that consumed for CSI acquisition [123] .
Hardware constraint: The CSI acquisition design for WPT systems may also need to take into account the limited hardware processing capability of ER. For example, for WPT in wireless sensing applications, the low-cost ERs in the sensors may not have the sophisticated channel estimation or signal processing capabilities as in conventional wireless communication systems, which calls for more innovative channel acquisition methods for WPT.
To facilitate the introduction of the various channel acquisition schemes for WPT systems, we first classify the ER architectures based on whether the energy harvesting and the communication modules share the same set of antennas [124] . Note that depending on the functionalities of the ER nodes, the communication modules could be either the built-in components of the ERs, or the dedicated modules specifically designed for enhancing the WPT performance via closed-loop operations. As shown in Fig. 3(a) , with the shared-antenna architecture, the same set of antenna elements are connected to both the energy harvesting and communication modules via RF switches; thus, energy harvesting and communication take place in a time-division manner using the same antennas. Such an architecture has the merits of a more compact receiver form factor, easier channel estimation, etc. On the other hand, for the separate-antenna architecture as shown in Fig. 3(b) , the energy harvesting and communication modules use distinct antennas, and thus they could be operated concurrently and independently. In the following, we first present the forward-link and reverse-link training based channel estimation schemes for the shared-antenna ER architecture, and then the power-probing scheme with limited energy feedback for the separate-antenna architecture. For simplicity, we consider narrow-band WPT (N = 1) in the rest of this subsection.
1) Forward-Link Training With CSI Feedback: Similar to wireless communication systems, one straightforward approach to obtain CSI at the ET is by forward-link (from ET to ER) training together with reverse-link (from ER to ET) CSI feedback [125] - [128] , as illustrated in Fig. 4(a) . With this scheme, pilot signals are sent from the ET to the ER, based on which the ER estimates the channel and sends the estimation back to the ET via a feedback link. Note that the CSI feedback could use different frequency from that for forward link training or energy transmission. However, in order to ensure that the estimated channel is indeed that used in subsequent energy transmission phase, such a scheme is only applicable for the shared-antenna ER architecture in Fig. 3(a) . More importantly, its required training time increases with the number of antennas M t at the ET, and hence this method is not suitable when M t becomes large, such as for massive MIMO WPT systems. Besides, channel estimation at the ER requires complex baseband signal processing in general, which may not always be available at the ER for low-complexity nodes.
2) Reverse-Link Training via Channel Reciprocity: An alternative channel acquisition method for shared-antenna WPT systems is via reverse-link training by exploiting the channel reciprocity [123] , i.e., the channel matrices in the forward and reverse links between the ET and ER are assumed to be transpose of each other. Under this assumption, a fraction of the channel coherence time is assigned to the ER for sending pilot signals to the ET for direct channel estimation, as shown in Fig. 4(b) . Note that since ER itself does not require CSI for energy harvesting, no CSI feedback from the ET to ER is needed in general. Compared to the forward-link trainingbased scheme discussed previously, the reverse-link trainingbased scheme has two main advantages: (i) it is more efficient for large or massive MIMO WPT systems as the training overhead is independent of the number of antennas M t at the ET; (ii) it simplifies the processing at the ER since channel estimation and feedback operations are no longer required. However, this scheme greatly relies on the channel reciprocity assumption, which in practice requires accurate transmitter and receiver calibrations. It is worth noting that in wireless communication systems, reverse-link based training by assuming channel reciprocity is one of the key techniques for realizing massive MIMO systems to reduce the channel-acquisition overhead [129] . However, the optimal reverse training design for WPT systems requires resolving the following new tradeoff: too little training leads to coarsely estimated channel at the ET and hence reduced energy beamforming gain; whereas too much training consumes excessive energy harvested by the ER, and also leaves less time for energy transmission given a finite channel coherence time, thus resulting in less net harvested energy at the ER.
As a concrete example, we consider a MIMO point-to-point WPT system in narrow-band channel with M t antennas at the ET and M r antennas at the ER. For the purpose of exposition, we assume the simple quasi-static Rayleigh fading channel, for which the entries of the MIMO channel matrix H ∈ C M r ×M t are independent and identically distributed (i.i.d.) zero-mean circularly symmetric complex Gaussian (CSCG) random variables with variance β, i.e., [H] im ∼ CN (0, β) , ∀i, m. Note that the more general Rician fading channel systems are studied in [123] . We further denote by T the channel coherence block, i.e., the channel H is assumed to remain constant with the block of duration T , and varies independently from one block to another. As shown in Fig. 4(b) , each channel coherence block is divided into two phases: the reverse-link training phase with duration τ ≤ T , and the forward-link power transmission phase with duration T − τ , for which the ET beams the wireless power to the ER based on the estimated channel. Without loss of generality, denote by M r ≤ M r the number of antennas at the ER that participate in channel training, since not all the ER antennas should be trained if M r is large whereas T is small. Further denote by p r the training power sent by the ER during the reverse-link training phase. The total energy consumption at the ER for channel training is thus given by p r τ . On the other hand, it has been derived in [123] that the average harvested energy at the ER (by assuming e 3 = 1 for notational convenience) with the above training-based scheme can be expressed as
where P t rf is the transmission power by the ET during the energy transmission phase, σ 2 is the noise power at the ET during reverse-link training phase, and (M t , M r ) E X λ max (X H X) , with X ∈ C M r ×M t denoting the random matrix with i.i.d. zero-mean unit-norm CSCG entries, i.e., [X] im ∼ CN (0, 1) , ∀i, m. Note that (M t , M r ) monotonically increases with M t and M r . In the special cases of M t = 1 or M r = 1, it can be easily obtained that (M t , 1) = M t and 1, M r = M r . For general M t and M r , no closed-form expression for M t , M r is available, whereas its numerical values can be easily computed, e.g., based on the algorithm proposed in [130] .
The average harvested energyQ in (21) can be viewed as a summation of two terms. The first term, which monotonically increases with the training energy p r τ and the number of ET antennas M t , is attributed to the M r trained ER antennas whose corresponding channel matrix is estimated at the ET. The second term is attributed to the (M r − M r ) un-trained ER antennas, which is independent of the number of ET antennas M t since no beamforming gain can be achieved for energy transmission over the associated channel.
The net average harvested energy at the ER can then be written asQ
The optimal training power p r , training duration τ , as well as the number of training antennas M r at the ER can then be obtained for net energy maximization based on (22) (see the details in [123] ).
3) Power Probing With Limited Energy Feedback: For ERs with separate-antenna architecture shown in Fig. 3(b) , the above two pilot training based channel estimation schemes are no longer applicable. This is because with distinct antennas used for energy harvesting and communication modules, the channels corresponding to the antennas used for energy harvesting cannot be trained directly with the communication antennas at the ER. To resolve this issue, [131] and [132] proposed a novel channel learning method with limited feedback based on the harvested energy levels at the ER. Fig. 4(c) shows the basic process of MIMO point-to-point WPT based on limited energy feedback. It is assumed that the ER is equipped with an energy meter, which is able to accurately measure the amount of energy harvested by the ER for a certain time duration. Upon receiving energy request from the ER, the ET starts transmitting energy using a sequence of carefully designed transmit covariance matrices S 1 , · · · , S τ , with τ denoting the number of training intervals for the channel learning phase, each assumed to have length T s seconds. Thus, the harvested energy by the ER in the i -th training interval is given by
where G H H H ∈ C M t ×M t denotes the matrix to be learned at the ET. At the end of each training interval i , the ER sends a feedback information f i of B bits to the ET based on its present and past energy measurements Q 1 , · · · , Q i . In other words, f i specifies the energy feedback scheme by the ER that is in general a mapping from Q 1 , · · · , Q i to a B-bits feedback signal. Based on the received feedback { f i } τ i=1 and the transmit covariance matrices {S i } τ i=1 applied during the channel learning phase, the ET can obtain an estimate of the MIMO channel G. The key is then to jointly design the specific feedback scheme { f i } at the ER, as well as the probing covariance matrices {S i } and the channel estimation scheme at the ET.
To illustrate this, we adopt the analytical center cutting plane method (ACCPM) [133] with the simple one-bit feedback scheme (B = 1) proposed in [131] in the following. A more general energy feedback design with B > 1 based on energy level quantization and/or comparison can be found in [132] . With B = 1, the feedback information f i at the i th training interval is set by comparing the harvested energy level Q i with Q i−1 as
It then follows from (23) that the ET obtains the following equality upon receiving the feedback bit f i :
which can be regarded as a cutting plane of G, i.e., G must lie in the half space of
By denoting P i the set that is known to contain the channel matrix G after training interval i , we then have P i = P i−1 ∩ H i , ∀i ≥ 2, or equivalently
It is evident that G ∈ P τ ⊆ P τ −1 · · · ⊆ P 2 . Note that P i in (26) defines a sequence of polyhedrons with decreasing volume and all containing G. The analytic center of P i , denoted asĜ i , can be efficiently obtained by solving a convex optimization problem [134] . WithĜ i obtained at the ET, the probing transmit covariance matrix S i+1 at next training interval is then designed to ensure that the resulting cutting plane is at least neutral, i.e., tr Ĝ i (S i+1 − S i ) = 0. It is shown in [131] that the above ACCPM based channel learning algorithm with simple one-bit energy feedback converges to the true channel matrix G with increasing τ . Instead of using the ACCPM based method, the authors in [135] recently proposed an alternative channel estimation technique for energy beamforming via the standard least squares method and a Kalman filter-based algorithm, by assuming that the ER can feedback the complete received power measurements to the ET.
D. Extension and Future Work 1) Retrodirective-Amplification WPT:
A low-complexity energy beamforming scheme without requiring explicit channel estimation/feedback is retrodirective amplification. Retrodirective transmission is a simple beamforming technique for multi-antenna arrays, which, upon receiving a signal from any direction, transmit a signal response back to the same direction without the need of knowing the source direction [136] , [137] . The main idea is to exploit channel reciprocity and transmit a phase-conjugated version of the received signal. This can be automatically achieved by retrodirective arrays without relying on sophisticated digital signal processing. Two well known retrodirective array structures are Van Atta arrays [136] and the heterodyne retrodirective arrays with phase-conjugating circuits [138] . For WPT systems, the same retrodirective principle can be applied to achieve lowcomplexity energy beamforming as well as coordinated multipoint (CoMP) energy transmission with distributed antennas. WPT using retrodirective techniques have been experimentally demonstrated in different setups [139] - [144] . In practice, since the ET amplifies the received signal as well as the background noise, the retrodirective WPT needs to be designed to be robust to the noise effect. In particular, similar to the reverse-link channel estimation based WPT, the training power by the ER in the reverse link needs to be optimized to balance between the retrodirective energy beamforming gain and the energy consumption of the ER.
2) Channel Acquisition in Frequency-Selective Channel: Channel acquisition for WPT in multi-antenna frequencyselective channels is in general more challenging than its frequency-flat counterpart, since in this case, the channels both in space and frequency domains need to be estimated to reap the benefits of both energy beamforming and frequencydiversity gains, as given by (19) . In [145] , a reverse-link training based channel estimation scheme is proposed for MISO multi-band frequency-selective WPT systems, where the training design is optimized to maximize the net harvested energy at the ER. However, the optimal training design for the general MIMO wide-band WPT systems remains an open problem. Besides, existing studies are mostly based on the assumption of independent channels in both spatial and frequency domains. For some practical setup with correlated channels, the training design could exploit the spatial and/or frequency channel correlations to further reduce the training overhead and hence enhance the overall energy transfer efficiency, which needs further investigation. Besides, for ERs with separate-antenna architecture for energy harvesting and communication, the extension of the channel acquisition scheme with limited energy feedback to frequency-selective channels also requires further studies.
IV. MULTI-USER WPT
In practice, WPT systems generally need to simultaneously serve K ≥ 1 ERs with J ≥ 1 distributed ETs in a network, as shown in Fig. 5 . In this section, we consider a multi-user MIMO WPT system where each ET is equipped with M t ≥ 1 antennas and each ER with M r ≥ 1 antennas.
A. WPT Network Architecture
Similar to wireless communication networks, WPT systems could have various networking architectures depending on the different levels of cooperation among the ETs.
1) CoMP-Based WPT: With CoMP-based WPT, all the J ETs jointly design their energy signals to the K ERs based on the global CSI of all the WPT links. This could be achieved by interconnecting the ETs via reliable backhaul links to a central unit (CU), which is responsible for reference clock synchronization, collecting the CSI from all ETs, optimizing the transmit signals based on the global CSI, and distributing them to their respective ETs for fully cooperative power transmission. Note that different from CoMP in wireless communication systems, where the user messages need to be shared among the cooperating base stations (BSs), the information exchanged among the ETs mainly constitute their respective CSI. Thus, CoMP WPT systems in general have more relaxed requirement on the backhaul links than their communication counterparts. Note that CoMP WPT provides the performance upper bound for practical WPT systems with limited or no cooperation between ETs.
2) Locally Coordinated WPT:
For large WPT systems, it would be quite challenging, if not impossible, for all ETs to fully cooperate. In this case, a more viable approach is to employ locally coordinated WPT, where each ER is locally served by J < J cooperating ETs. There are in general two approaches for locally coordinated WPT. With the ET-oriented approach, the J ETs are partitioned into G clusters with the gth cluster consisting of J g ETs, g = 1, · · · , G, and G g=1 J g = J . As such, all the J g ETs within the same cluster g will serve a subset of the ERs jointly. In contrast, with the more flexible ER-oriented approach, each of the K ER is flexibly associated to a subset (in general different) of ETs based on certain criterion, such as the distance with the ET, as illustrated in Fig. 5 . As such, two ERs with ER-oriented approach may have partially overlapped serving ETs, in contrast to either identical or non-overlapping serving ETs in the ET-oriented approach. It is interesting to note that the channel reciprocity-based WPT techniques, such as the reverse-link training and retrodirective scheme, have the intrinsic capability to enable ER-oriented locally coordinated WPT. Specifically, with the reverse link pilot isotropically transmitted from each ER, those nearby ETs would receive high pilot power and thus are more likely to be associated for cooperative power transmission to the ER.
3) Single-ET WPT: For low-complexity WPT system, each ER is only served by one single ET (e.g., the ET that has the best channel with it). This can be viewed as an extreme case of the locally coordinated WPT architecture with J g = 1, ∀g and G = J , and hence essentially requires no coordination among the ETs.
B. Power Region Characterization
In this subsection, we derive the performance upper bound of multi-user WPT system by characterizing the power region of the CoMP WPT scheme for single-band systems, i.e., N = 1 in (9). Denote by x j (t) ∈ C M t ×1 the baseband equivalent energy-bearing signal sent by ET j , j = 1, · · · , J , and S j E[x j (t)x H j (t)] the corresponding transmit covariance matrix. We thus have tr(S j ) ≤ P t rf, j , ∀ j , with P t rf, j denoting the transmit power limit at ET j . By assuming narrow-band channels, the equivalent baseband signal received at the ERs (with the noise ignored) can be expressed as
where H kj ∈ C M r ×M t denotes the MIMO channel from ET j to ER k, k = 1, · · · , K , j = 1, · · · , J . For fully coordinated ETs, {x j (t)} J j =1 can be jointly designed to achieve the optimal performance, and hence they are correlated with each other in general. Let x(t) x T 1 (t), · · · x T J (t) T ∈ C J M t ×1 be the concatenated vector denoting the signal transmitted by all the J ETs, and S E[x(t)x H (t)] be the covariance matrix of x(t). The per-ET power constraint tr(S j ) ≤ P t rf, j can then be equivalently expressed as
where E j ∈ C J M t ×J M t is a diagonal matrix with its diagonal elements given by
The received signal (27) can be equivalently expressed as
As a result, the received RF power Q k can be written as
Different from the single-user WPT system, the design for multi-user WPT systems in general involves trade-offs in maximizing the transferred power to different users. In this case, the ETs can be optimally designed to maximize the power region, denoted by C, which is defined as the set of all achievable power-tuples (Q 1 , · · · , Q K ). Mathematically, we define
Of particular interest is the Pareto boundary of the power region C, which is defined as the power-tuples at which it is impossible to increase the received power of one ER without reducing that of the others. Similar to the capacity region in multi-user communication systems, the Pareto boundary of the power region for multi-user WPT systems can be characterized via the weighted-sum-power maximization (WSPMax) approach or the power-profile approach, as explained in the following.
With the WSPMax method, for each given weight vector μ = [μ 1 , · · · , μ K ] T for the K ERs, with μ k ≥ 0 and K k=1 μ k = 1, the corresponding point on the Pareto boundary of the power region is determined by solving the following WSPMax problem,
Problem (32) is a semidefinite programming (SDP), which is convex and can be efficiently solved by the standard convex optimization techniques or existing software toolbox such as CVX [146] . Moreover, it is not difficult to show that the objective of problem (32) is equivalent to that of the single-user WPT problem with an equivalent MIMO channel H ∈ C M r ×J M t from the J ETs to an auxiliary user, with H HH = K k=1 μ k H H k H k . In particular, for the special single-ET case, i.e., J = 1, problem (32) reduces to (14) with N = 1, where the optimal solution is given by the dominating eigenbeam transmission over the effective channelH. Note that for power region constituting hyper-plane Pareto boundaries, the WSPMax approach only obtains those vertex points on the Pareto boundary, where time sharing is in general needed to attain the inner points on the boundary.
On the other hand, with the power-profile method [147] , the Pareto boundary of C can be characterized by solving the following optimization problem with any given power profile vector α = (α 1 , · · · α K ) for the K ERs,
where α k ≥ 0, ∀k and K k=1 α k = 1. Similar to (32), problem (33) is also an SDP, which is convex and hence can be efficiently solved by, e.g., CVX [146] .
Denote by S the optimal solution to problem (33) . As the number of ERs K becomes large, we have d rank(S ) > 1 in general [148] , i.e., more than one energy beams are needed for balancing the received energy among different ERs. In [148] , an alternative design based on single-beam energy beamforming with time sharing transmission is proposed for the setup with a single ET, i.e., J = 1, which is able to achieve the same optimal WPT performance as the multi-beam transmission. Specifically, for J = 1, we must have tr(S ) = P t rf,1 , i.e., full power should be used at the optimal solution to problem (33) . Let the eigenvalue decomposition of the optimal covariance matrix S in the multibeam transmission be expressed as S = d i=1 λ i w i w H i , with λ i > 0 and w i being the i th eigenvalue and the corresponding eigenvector, respectively. We then have d i=1 λ i = P t rf,1 . With the proposed single-beam and time-sharing strategy in [148] , each WPT transmission block is partitioned into d intervals, with the i th interval taking a fractional duration of 0 < λ i /P t rf,1 < 1. At the i th interval, the ET applies the single-beam energy transmission with beamforming vector w i with full power P t rf,1 . As a result, the average received power for ER k during each block can be obtained as
In other words, the newly designed single-beam transmission with time sharing achieves the same energy performance for all ERs as the optimal multi-beam transmission with S , but requires only single-beam transmission at each interval, thus simplifies the power signal design at the ET.
C. Numerical Results
For illustration, we consider a WPT system that serves a square area of size 30m × 30m, as shown in Fig. 6 . We compare the co-located and distributed antenna systems [149] . In the co-located antenna system, a single ET with an M t -element uniform linear array (ULA) is deployed at the center of the serving area with coordinate (15m, 15m), as shown in Fig. 6(a) . We assume that M t = 9 and the ULA is oriented along the x-axis. In contrast, for the distributed antenna system, we assume that J = 9 single-antenna ETs are equally spaced in the region, as shown in Fig. 6(b) . We consider two single-antenna ERs that are located at (15m, 5m) and (18.88m, 29.49m), respectively, which correspond to a distance of 10m and 15m from the ET in the co-located antenna system. We assume that the channels between the ETs and ERs are dominated by LoS links and the carrier frequency is 915MHz. The total transmit power of both systems is 2W or 33dBm, which needs to be equally shared by the 9 ETs in the distributed antenna system. Moreover, for the distributed antenna system, we assume that the CoMP-based WPT strategy is applied. Fig. 6 shows the spatial power distribution of the two WPT systems when the transmission is optimized for maximizing the minimum (max-min) received power by the two ERs, i.e., by solving problem (33) with α 1 = α 2 = 1/2. It is observed from Fig. 6(a) that for the co-located antenna system, the power is mainly beamed towards the directions (the actual direction and its symmetrical one over the x-axis) where the two ERs are located. In contrast, with the distributed antenna system as shown in Fig. 6(b) , no evident energy focusing direction is observed and the power is more evenly distributed Fig. 7 .
Power region for two-user WPT system with co-located versus distributed antenna systems.
in space compared to the co-located system. It is also observed that the distributed system achieves a slightly higher max-min power than the co-located system (45.4μW versus 42.4μW), thanks to the reduced distance between ER 2 and its nearest ET in the distributed case. Fig. 7 compares the complete power regions of the two WPT systems. It is observed that the distributed antenna system achieves higher maximum power for ER 2 , but at the cost of reduced maximum power for ER 1 . In other words, by placing antennas at different locations, the distributed system may potentially mitigate the near-far problem in the co-located system, and hence is expected to achieve more fair performance between the ERs.
D. Extension and Future Work
The power region characterization for multi-user multiantenna WPT in frequency-selective channels deserves further studies. In particular, due to the unique channel frequency responses, different ERs may prefer the wireless energy to be transmitted over different frequencies. This thus provides another degree of freedom, in addition to the spatial beamforming, to achieve different trade-offs on the Pareto boundary of the power region. Moreover, besides power region that characterizes the long-term average power trade-off for ERs, another useful performance metric for multi-user WPT systems is the energy outage region, which specifies the outage probability trade-off among the ERs with their given shortterm energy targets, and thus is a more appropriate design criterion for delay-sensitive charging applications in fading channels. The characterization of the energy outage region deserves more in-depth studies. Moreover, the channel acquisition for multi-user MIMO WPT systems in both frequency-flat and frequency-selective channels is a promising direction for further research. Note that for reverse-link based training in multi-user WPT systems, the optimal training design needs to tackle the so-called "doubly near-far" problem [123] , where a far ER from the ET suffers from higher propagation loss than a near ER for both reverse-link channel training and forwardlink energy transmission. Furthermore, for WPT networks to be scalable, the transmit optimization and channel learning need to be implemented in a distributed manner [124] , [150] , with limited or no signaling overhead among different nodes. For large-scale WPT networks, stochastic geometry is a useful tool for performance analysis and optimization to draw useful insights [151] , [152] . How to deploy the ETs to minimize their number (cost) or to maximize the system performance is also an interesting problem for further investigations [153] , [154] .
V. WAVEFORM DESIGN WITH NON-LINEAR ENERGY HARVESTING MODEL
The major challenge for far-field WPT is to find ways to increase the DC power level at the output of the rectenna without increasing the transmit power, and for devices located tens to hundreds of meters away from the transmitter. To that end, the energy beamformer was shown to increase the RF-to-RF transmission efficiency e 2 . At the receiver side, the vast majority of the technical efforts in the literature to increase the RF-to-DC conversion efficiency e 3 have been devoted to the design of efficient rectennas, a.o. [101] . It therefore appears that an efficient design of WPT system would consist in an energy beamformer designed so as to maximize e 2 and an efficient rectenna that maximizes e 3 . However, this may not be as efficient as expected and could lead to suboptimal designs. Recall indeed that the main assumption on the energy beamformer design that maximizes e 2 is that e 3 is fixed and therefore independent of the input signal power and shape to the rectenna. This is actually true only for very small input power, as it will appear clearer in this section. Indeed, the RF-to-DC conversion efficiency e 3 of the rectenna is in general not only a function of the rectenna design but also of its input waveform. This calls for an entire link optimization where the transmit waveform (including energy beamformer) is optimized to maximize e 2 × e 3 for a given rectenna design, and not only e 2 [118] , [155] . This would lead to a radically different system design than the one obtained in Sections III and IV and is discussed in detail in this section.
A. Effect of Non-Linearity on RF-to-DC Conversion Efficiency
In order to get some insight into the effect of the rectifier non-linearity on z DC given in (8) , we consider in the sequel two toy examples, the first one over a frequency-flat channel and the second one over a frequency-selective channel.
Let us first consider a SISO (single-input single-output) WPT system with N sinewaves equally spaced, i.e. f n = f 1 + (n − 1) f , with given f > 0 and assume a frequencyflat channel such that the channel frequency response h n = 1 ∀n. We also assume that the weights s n are deterministic, real and subject to the transmit power constraint n s 2 n = P t rf . With such normalization, P r rf = P t rf . From (3), the received signal can be written as y(t) = √ 2 N n=1 s n e j 2π f n t = √ 2 N n=1 s n cos (2π f n t), i.e., as the sum of N in-phase sinewaves, each with a magnitude s n . Plugging y(t) into (8), we obtain
where F = n 0 ,n 1 ,n 2 ,n 3 n 0 +n 1 =n 2 +n 3 s n 0 s n 1 s n 2 s n 3 .
We note from (35) that the second-order term k 2 R ant P r rf is independent of the number of sinewaves N and the power allocation strategy in such a frequency-flat channel. This is inline with the discussion in Section III-B on energy beamforming. On the other hand, the fourth-order term is responsible for the non-linear behavior of the diode since it is a function of terms expressed as the product of contributions from different frequencies. Contrary to the second-order term, the fourth-order term is heavily influenced by N and the choice of the power allocation strategy. Though not optimal, let us consider a uniform power allocation across all frequencies, i.e. s n = P t rf / √ N . Since there are N 2N 2 + 1 /3 terms in the sum of (36), we get with a uniform power allocation that
Remarkably, (37) highlights that z DC , and therefore i out , linearly increase with N in frequency-flat channels and such an increase originates from the non-linearity of the rectifier as it only appears in the fourth-order term. Hence, while there is no benefit in allocating power over multiple sinewaves with the linear model, and simply transmitting over a single sinewave would be sufficient, the non-linear model clearly highlights a completely different strategy where power should be transmitted over multiple sinewaves. Interestingly, this strategy is in agreement with various RF experiments [114] , [156] - [158] where the benefits of allocating power over multiple sinewaves have been demonstrated experimentally. More generally, it is shown in [118] that the linear increase of z DC with N holds both in frequency-flat and frequency-selective channels. However, while it is achievable without CSIT in frequencyflat channels, CSIT is required to achieve such a scaling law in frequency-selective channels. It is also shown in [118] that in the presence of multisine and multiple transmit antennas, the fourth-order term scales as N M 2 t , suggesting that any increase of z DC by a factor 2 requires either increasing the number of sinewaves (N) by a factor 2 for a fixed number of transmit antennas (M t ) or increasing the number of transmit antennas by a factor √ 2 for a fixed number of sinewaves. Scaling law (37) enables to characterize the strength of the fourth-order term versus the second-order term. Specifically, the second-order term is G times larger than the fourth-order term if
Assuming i s = 5μA, a diode ideality factor n f = 1.05 and v t = 25.86 mV , typical values are k 2 = 0.0034, k 4 = 0.3829 and R ant = 50 , which lead to k 2 k 4 1 R ant = 1.776×10 −4 . This is further illustrated in Fig. 8 . We note that for an average input power of 10μW (−20 dBm), the nonlinearity is not negligible compared to the second-order term for most N. For an average input power of 1μW (−30 dBm), the nonlinearity is negligible for N smaller than roughly 20. Note however that −30 dBm is actually very small for state-of-the-art rectifiers.
The physical intuition behind the linear increase of the DC current with N is as follows. For N in-phase sinewaves over a frequency-flat channel, as N increases, the time domain waveform appears as a sequence of pulses with a periodicity equal to 1/ f . The transmitter therefore concentrates the transmit power into a series of high energy pulses, each of which triggers the diode that then conducts and helps charging the output capacitor. Once a pulse has passed, the diode stops conducting and the capacitor is discharging. The larger N, the larger is the magnitude of the pulses and therefore the larger the output voltage at the time of discharge. This intuitively explains why a multisine waveform with high PAPR (Peak-to-Average Power Ratio) helps increasing the output DC power. Interestingly, experimental results in [158] have shown that waveforms with high PAPR, such as OFDM (orthogonal frequency division multiplexing), white noise, and chaotic signals, increase the RF-to-DC conversion efficiency. Nevertheless, we have to keep in mind that this observation holds for frequency-flat channels. In frequency-selective channels, the correlation between transmit PAPR and DC current/power decreases as the selectivity increases [118] .
It is very important to recall that the linear increase with N is based on multisine signals with deterministic weights. This is a key assumption. If the weights are pseudo-random due to e.g. modulation as in OFDM, the DC current at the output of the rectifier fluctuates due to the randomness of the information symbols carried by the modulated waveform [159] . Assuming for instance that weights s n are i.i.d. CSCG distributed (following the capacity achieving Gaussian input distribution of an AWGN (additive white Gaussian noise) communication channel with average power constraint), the average DC current with a modulated waveform is modeled in [159] by averaging out (5) over the distribution of the input symbols. This has an important consequence that the linear increase with N in the 4th-order term of (37) disappears with modulated waveform. On the other hand, the 2nd-order term is not affected even when the waveform is modulated. Hence, from a linear model perspective, modulated waveform (as OFDM) and deterministic multisine waveforms are equally suitable. On the other hand, the nonlinear model highlights that there is a clear benefit of using a deterministic multisine over a modulated (OFDM) waveform in WPT, with the scaling law of multisine significantly outperforming that of OFDM. This shows that due to the non-linearity of the rectifier and any pseudo-randomness (due to modulation), a modulated waveform is less efficient than a deterministic multisine waveform for WPT. Further discussion and comparisons between deterministic multisine and OFDM waveforms can be found in [159] .
Let us now look at a SISO WPT but over a frequencyselective channel. We assume for simplicity N = 2 and assume again real frequency domain channel h n and real (and deterministic) coefficient s n . The received signal at the input of the rectenna now writes as y(t) = √ 2 2 n=1 s n h n e j 2π f n t = √ 2 2 n=1 s n h n cos (2π f n t). Plugging y(t) into (8), we obtain
wherek 2 = k 2 R ant andk 4 = 3 k 4 R 2 ant /2. We note that z DC is a function of the term s 2 1 h 2 1 + s 2 2 h 2 2 , whose maximization subject to the sum power constraint s 2 1 + s 2 2 ≤ P t rf would lead to a single-sinewave strategy, i.e. allocating all the power to sinewave 1 if h 2 1 > h 2 2 and to sinewave 2 otherwise, as discussed in Section III-B. However the presence of the term 2 s 2 1 s 2 2 h 2 1 h 2 2 suggests that such a single-sinewave strategy is in general sub-optimal for the maximization of z DC . This can be shown by writing the Lagrangian and finding all the stationary points. We can find three valid stationary points (s 2 1 , s 2 2 ) (such that 0 ≤ s 2 1 ≤ P t rf and 0 ≤ s 2 2 ≤ P t rf ) given by (P t rf , 0), (0, P t rf ) and (s 2 1 , s 2 2 ) with s 2 1 > 0, s 2 2 > 0. For given h 1 , h 2 , the global optimum strategy is given by one of those three stationary points. The first two points correspond to a single-sinewave strategy, i.e. allocating the full transmit power to sinewave 1 or 2, respectively. This strategy is optimal if h 2 1 is sufficiently larger than h 2 2 or inversely. However, when the channel is getting more frequency-flat, i.e. h 2 1 ≈ h 2 2 , the optimal strategy would allocate power to the two sinewaves and the single-sinewave strategy is suboptimal. A more detailed illustration of z DC as a function of the channel states and further derivation of s 1 and s 2 can be found in [118] .
This example highlights that due to the non-linear behaviour of the rectifier, it may be preferable depending on the channel states to allocate power over two sinewaves so as to maximize z DC even though the maximization of e 2 would favour a single-sinewave strategy. In other words, the single sinewave strategy would always maximize e 2 but could be inefficient from an e 3 maximization perspective, such that a better strategy would be to allocate power over two sinewaves so as to maximize the output DC current (or power) and hence maximize the entire link efficiency (e 2 × e 3 ).
The results in this subsection, though based on very simple scenarios, highlight that depending on the CSI, the transmission waveform should be adapted if we aim at maximizing the output DC power (and the entire link efficiency). Acquiring CSIT at the transmitter so as to design adaptive waveform is therefore essential for the design of efficient WPT. Moreover, they also show the benefits of allocating power over multiple sinewaves, which is in sharp contrast with the strategy originating from the linear model and the maximization of e 2 only. This multi-band frequency allocation is reminiscent of multi-band wireless communication where the maximization of the achievable rate commonly requires allocating power over multiple frequency bands or spatial eigenmodes (at least at sufficiently high signal-to-noise ratio (SNR)). Overall, the observation highlights the potential of optimizing multisine waveforms and the importance of modeling and "exploiting" the non-linearity of the rectifier.
In the sequel, we discuss the design and optimization of multisine waveform to maximize the output DC power.
B. Waveform Design
Assuming the CSI (in the form of frequency response h n ) is known to the transmitter, we aim at finding s = [s 1 , . . . , s N ], the vector of complex weights s n over N frequencies, which maximizes z DC in (7) for any n o ≥ 2. Importantly, we assume deterministic weights s n . Let us assume M t = 1 and M r = 1. The multisine waveform design problem can therefore be written as
where z DC can be analytically expressed after plugging the received signal y(t) of (11) into (7) . The expressions are omitted but can be found in [118] . From [118] , the optimal phases are given by phase (s n ) = phase (h n ), i.e. the transmitter matches the phases of the channel on each frequency such that the multisine signal arrives in phase at the rectenna. Making use of those optimum phases, the optimum amplitudes result from a non-convex posynomial maximization problem which can be recast as a Reverse Geometric Program (GP) and solved iteratively using a successive convex approximation approach. This involves approximating (conservatively) the non-convex problem by a convex problem using the Arithmetic Mean-Geometric Mean (AM-GM) inequality and refining at each iteration the tightness of the approximation. The algorithm ultimately converges to a point fulfilling the KKT (Karush-Kuhn-Tucker) conditions of the original problem. Fig. 9 provides some insights into the waveform optimization. We consider a frequency-selective channel whose frequency response is given in Fig. 9 (top) , a transmit power of −20 dBm, N = 16 sinewaves with a frequency gap fixed as f = B/N and B = 10MHz. For such a channel realization assumed perfectly known (at each of those 16 frequencies) to the transmitter, the waveform has been optimized using the reverse GP algorithm assuming a 4th-order Taylor expansion (n o = 4). The magnitudes of the waveform on the 16 frequencies are displayed on Fig. 9 (bottom) . Interestingly, the optimized waveform has a tendency to allocate more power to frequencies exhibiting larger channel gains. Note that the 4th-order term is clearly not negligible in the objective function. Indeed if it was negligible, the entire transmit power would have been allocated to a single sinewave, namely the one among the 16 sinewaves corresponding to the strongest channel. The waveform optimization can be extended to scenarios with multiple transmit antennas [118] . A direct approach is to jointly optimize weights across space and frequency using the reverse GP approach. Interestingly, despite the presence of the non-linearity, such a joint optimization can be avoided by noting that the optimum M t -dimensional weight vectors can be computed by first performing a MRT (maximal ratio transmission) beamformer on every frequency and then optimizing the power allocation across frequency based on the effective beamformed channel [118] , [160] . Hence an optimum M t -dimensional weight vector on frequency n can be written as
With (41), the multi-antenna multisine WPT weight optimization is converted into an effective single-antenna multisine waveform optimization with the effective channel gain on frequency n given by h n and the amplitude of the n-th sinewave given by √ p n (subject to N n=1 p n = P t rf ). This enables to decouple space and frequency optimization by first designing the spatial (or energy) beamformer as a matched beamformer and then optimizing the frequency power allocation using the reverse GP approach. Interestingly, in the limit of a very large (infinite) number of transmit antennas, the design gets simpler. Indeed, the matched beamformer would induce channel hardening, therefore turning the frequency-selective channel into an effective flat-fading channel. Since a simple uniform power allocation p n = P t rf /N works well in a SISO flat-fading channel, it can be leveraged in the large-scale multiantenna regime to provide pretty convincing performance and a low waveform design complexity. Such a strategy would lead to a 4th-order term scaling as N M 2 t , as briefly described in Section V-A.
The waveform optimization using reverse GP can also be extended to more complicated scenarios accounting for transmit PAPR constraints and for the presence of multiple rectennas [118] . Since the transmit power amplifier (PA) efficiency decreases as the PAPR of the transmit waveform increases, it is important in some applications to identify how to optimize waveform subject to PAPR constraints.
Problem (40) can then be expanded by adding a per-antenna PAPR constraint (m = 1, . . . , M t ) as max s z DC (s) (42) subject to s 2 F ≤ P t rf ,
The problem can be expressed as a signomial (rather than a posynomial) maximization problem and can also be solved iteratively using successive convex approximation based on AM-GM. Recall that in frequency-flat channels the amount of collected energy is positively correlated with the PAPR of the transmitted power waveform. This creates a design challenge since high PAPR is detrimental from a PA perspective but beneficial from an energy collection perspective. Note however that in the presence of PAPR constraints, the decoupling properties between space and frequency does not hold anymore. Solving the spatial domain beamformer before optimizing the frequency power allocation would lead to a suboptimal solution.
The multi-rectenna scenario can refer to either a multi-user setup where each device is equipped with a rectenna or a point-to-point setup with a receiver equipped with multiple rectennas. The objective function can then be formulated as a weighted sum of DC current z DC,u at each rectenna
Here also, the optimization problem can be formulated as a signomial maximization problem. However, contrary to the single rectenna setup where the optimal phase could be first obtained and then the magnitudes optimized, in the multiple rectenna setup, the phase and magnitude are coupled. Formulating (45) as a signomial maximization problem requires an initial choice for the phase before the magnitudes can be optimized and there is no guarantee that this choice of phase is optimal. The reversed GP approach to waveform optimization is powerful in that it can be applied to any order n o in the Taylor expansion but suffers from exponential complexity. This is problematic for large-scale waveform optimization in WPT system relying on a large number of transmit antennas, sinewaves and/or rectennas (i.e., Massive MIMO of WPT). This calls for a reformulation of the optimization problem by expressing the RF signal model in a compact form using a real-valued function of complex vector variables [160] , [161] . The compact expression is essentially a quartic function that in general still leads to NP-hard problems. To make the problem tractable, auxiliary variables are introduced and convex relaxations are used such that the quartic objective can be reduced to a non-convex quadratic constraint in an equivalent problem. Then, the non-convex constraint is linearized, and the equivalent problem is iteratively approximated. Following this, a variety of convex optimization techniques (e.g., successive convex approximation (SCA), rank reduction) can be used to solve the approximate problem. The waveform optimization framework is derived for a single-user/rectenna WPT and is then generalized to multi-user/rectenna WPT systems. The objective function can be written as a weighted sum of DC current/voltage as in (45) but we also need to tackle the maximization of the minimum DC current/voltage among all rectennas in order to guarantee some fairness among users. Contrary to the single-rectenna scenario, the optimal design is obtained by a joint spatial domain beamformer and frequency power allocation in the multi-rectenna scenario.
C. Performance Evaluations
In this subsection, we evaluate the performance of the waveforms using the rectifier configuration of Fig. 10 . The rectenna is optimized for a multisine input signal composed of 4 sinewaves centered around 5.18GHz with the bandwidth of 1MHz. The available RF power is P in,av = −20dBm. The input impedance of the rectifier Z rect is dominated by the diode impedance, which changes depending on the input power and the operating frequency. In order to avoid power losses due to impedance mismatch, the matching network design procedure is adapted for a multisine input signal of varying instantaneous power. The matching is done by iterative measurements of Z rect at the 4 sinewave frequencies using ADS Harmonic Balance and performing conjugate matching of averageZ rect to R ant = 50 at each iteration until the impedance mismatch error is minimized. The matching network is also optimized intermittently with the load resistor. For a given channel realization, the waveform weights are designed and are then used to generate in Matlab the waveform y(t) as in (4) . Quantity y(t) is then fed into the PSpice circuit simulator to generate the voltage source Vs = v s (t) = 2 y(t) √ R ant in Fig. 10 . The DC power collected over the load can then be measured.
We evaluate the performance of WPT waveforms in a pointto-point scenario representative of a WiFi-like environment at a center frequency of 5.18GHz with a 36dBm transmit power, isotropic transmit antennas, 2dBi receive antenna gain and 58dB path loss in a large open space environment with a NLoS channel power delay profile obtained from model B [162] . Taps are modeled as i.i.d. CSCG random variables and normalized such that the average received power is −20dBm, i.e. 10μW. The frequency gap is fixed as f = B/N and B = 1MHz. The N sinewaves are centered around 5.18GHz. Fig. 11 displays the average harvested DC output power for B = 1MHz with two waveforms, namely Adaptive Single Sinewave (SS) which is optimal for a 2nd-order (linear) term maximization (allocating all power to a single sinewave, i.e. the one corresponding to the strongest channel) and Adaptive OPT which solves problem (40) with n o = 4 (and therefore accounts for non-linearity) using the reverse GP approach. In other words, Adaptive SS maximizes e 2 and assumes e 3 is constant. Adaptive OPT on the other hand optimizes the output DC power for a given transmit RF power and therefore maximizes the entire link efficiency e 2 × e 3 . We note the significant (and increasing as N grows for any M t ) gains achieved by the nonlinear model-based design over the linear model-based counterpart. This shows that the nonlinearity of the rectifier is clearly not negligible and the linear model is not sufficient to characterize correctly the rectenna behaviour. The sharp increase with N of the DC power with the Adaptive OPT waveform cannot be explained based on the linear model, since according to the linear model the Adaptive SS waveform should be the one leading to the highest DC power. This shows that maximizing e 2 by assuming a constant e 3 is inefficient for most realistic input power and N and confirms the observations made in Fig. 8 .
D. Extension and Future Work
Previous discussions open the door to many important and exciting research avenues left for future work. Some of them are highlighted below.
This section highlighted the importance of understanding and modeling the wireless power channel (concatenation of the propagation channel and rectenna) and formulating a complete link optimization (transmitter to rectenna output) in order to design an efficient WPT architecture. Similarly to channel modeling in wireless communications where various types of models exist either for system analysis/design or performance evaluations, the design of wireless power-based system calls for various types of wireless power channel models. Models used for system design need to be sufficiently accurate but tractable enough in order to conduct link and system optimization. This section dealt with a key property of the rectifier, namely its non-linearity but other properties may need to be captured in the model, such as impedance and input power mismatch, harmonics, presence of multiple diodes in the rectifier, etc. Some results on the input power mismatch and its implication on system design can be found in [163] .
A fundamental question that is arising from the waveform design in this section is, given a spectrum bandwidth B, what is the best/optimal way to transmit energy so as to maximize the output DC power? Answering this question would help understanding how to make the best use of the RF spectrum for WPT and lay a fundamental underlying theory of WPT.
A somewhat related question is whether WPT waveforms should be deterministic or modulated and whether modulated waveforms incur some loss with respect to deterministic waveforms. Answering those questions would help understanding the key tradeoff between transmitting information and power and helps designing unified wireless power and communications systems.
The fundamental role played by CSI in WPT remains largely unknown. The CSI acquisition/feedback in WPT also remains a serious challenge. Some interesting ideas along this line have been discussed in Section III-C. However, those approaches rely on the linear model. It is unclear yet whether a similar approach can be used over the non-linear wireless power channel.
Practical implementation of WPT requires low-complextiy algorithm design and the techniques involved to solve the optimization problem are not implementation-friendly. This calls for low-complexity approaches whose performance comes very close to the optimal design of the reverse GP. This would avoid solving computationally intensive optimization problems and would be much more suitable for practical implementation. Some ideas along those lines can be found in [160] , [161] , and [164] .
WPT is the fundamental building block of various types of wireless powered systems (e.g. SWIPT, wireless powered communications, backscatter communications), which motivates a bottom-up approach where any wireless powered system is based on an established theory and design of the underlying WPT. The waveform design and the rectifier nonlinearity tackled in this section have direct consequences on the design of SWIPT, wireless powered communications and backscatter communications. For instance, some preliminary results on SWIPT waveforms have been reported in [159] , where it is shown that the superposition of multisine and OFDM waveforms enlarges the rate-energy region compared to an OFDM-only transmission. This originates from the non-linearity of the rectifier and the fact that the OFDM waveform, due to the randomness of the information, is less efficient than a (deterministic) multisine waveform to convert RF power to DC power. Assuming zero-mean Gaussian input distribution for the OFDM waveform, the superposition with the deterministic component of the multisine creates a non-zero mean Gaussian input distribution which is shown to outperform the conventional capacity-achieving zero-mean Gaussian input distribution in terms of rate-energy trade-off. More research endeavors are required to further investigate along this direction.
VI. FURTHER DISCUSSIONS
In this section, we provide further discussions on various other issues pertaining to WPT.
A. Safety and Health Issues
Like any other RF-based wireless systems, WPT systems need to comply with the various safety guidelines to minimize the potential biological effects caused by RF energy [165] , [166] . Though no existing studies show a clear evidence between electromagnetic radiation and health impairments, it has been well known that high level RF exposure is harmful to human body due to the rapid heating and thus possibly causes damage to biological tissue [167] , [168] . Two widely adopted measures on RF exposure are specific absorbtion rate (SAR) and maximum permissible exposure (MPE) [165] , which could be taken into account for WPT systems design.
SAR is a measure of the rate at which energy is absorbed by the human body when exposed to RF field. It has the units of watts per kilogram (W/kg), with the value typically obtained via experimental measurement averaged over a small sample of tissue (typically 1g or 10g of tissue). SAR is commonly used for testing the portable wireless devices that need to be used less than 20cm from the human body. For instance, FCC requires that all handphones sold in United States should not exceed the SAR level 1.6W/kg for partial body exposure [169] , and similar SAR limits are specified by other countries. Note that SAR value not only depends on the source transmission power, but also on how the power is distributed over the tissue under test. Recently, it has been shown that for multiantenna systems, the resulting SAR value can be modeled as a quadratic form of the transmitted signal as [170] , [171] 
where x is the transmitted signal vector with covariance matrix S, and R is the SAR matrix depending on the SAR measurement setup such as the geometry and part of the body that is being tested. The generalized constraints with multiple SAR limitations can then be modeled as
where G is the total number of SAR constraints, R g is the g-th SAR matrix, η g is the g-th constrained value. Note that (47) resembles similar power constraints on wireless communication systems, such as as the interference-temperature constraints in cognitive radio systems [172] , [173] . Another commonly used RF exposure limit is MPE, which is defined as the highest level of RF exposure to which a person may be exposed without incurring an established adverse health effect [165] . MPE is usually expressed as power densities in W/m 2 . For instance, IEEE has specified that the MPE limits from 1.5GHz to 100GHz for the general public or uncontrolled exposure is 10W/m 2 [165] . Unlike SAR, MPE is generally a calculated quantity based on the source transmission power, antenna gain, propagation distance, etc. For multi-antenna WPT systems with highly directional transmissions, there exist highly localized areas or RF hot spots, usually along the beamforming directions, with much higher RF intensity than other areas, as shown in Fig. 6(a) . WPT systems could be designed to ensure that the RF intensities at all locations (including the RF hot spot) do not exceed the MPE limit [174] . Alternatively, for WPT systems with relatively high-power requirement, it is more feasible to guarantee the MPE limit only at non-intended serving areas. In this case, additional measures (such as building physical fence) must be taken to prevent people from entering into the RF hot spot. Furthermore, it is interesting to note that the two channel reciprocity based designs, i.e., reverselink training and the retrodirective amplification schemes presented in Section III, have the inherent safety mechanism. Specifically, if a particular path between the ET and ER is blocked by a person, then the reverse-link pilot signal sent by the ER will not arrive at the ET through the blocked path. As a result, no energy beamforming will be formed towards the person during the forward energy transmission phase. For such setups, the more frequently the reverse training is performed, the shorter time an intruder will be exposed to the energy beamforming directions with potentially high energy intensity, but at the cost of increased training overhead. This thus requires a design trade-off between maximizing WPT performance and minimizing safety risk, which deserves more in-depth investigations. Besides, by comparing the two plots in Fig. 6 , it is found that the distributed antenna system is more appealing from the safety perspective, since it avoids the hot spot issue along the energy beamforming directions as in the co-located antenna system.
B. Massive MIMO and mmWave WPT
Massive MIMO is a key enabling technology for the fifthgeneration (5G) wireless communication systems by tremendously increasing the spectrum efficiency via deploying a large number of antennas (say, hundreds or even more) at the BSs [129] , [175] - [177] . For WPT systems, massive MIMO is also an appealing technique to enhance the end-to-end power transfer efficiency by deploying large antenna arrays at the ETs [160] , [161] , [178] - [181] . Intuitively, with perfect CSI at the ET, the energy beamforming gain, and hence the endto-end power transfer efficiency, increases linearly with the number of antennas M t at the ET. Remarkably, it has been shown that even with reverse-link based channel training as discussed in Section III, the net harvested energy at the ER also increases linearly with M t as M t → ∞ [123] , [145] . As compared to massive MIMO communications, massive MIMO WPT systems possess several new characteristics. In particular, the pilot contamination issue, where the users in neighboring cells severely interfere with each other due to the sharing of pilot sequences for channel estimation, is regarded as a main performance bottleneck for massive MIMO communications [129] . In contrast, pilot contamination could even be beneficial for WPT systems [180] , since the power directed towards the non-intended directions due to pilot contamination can also be harvested by other ERs, instead of causing the detrimental interference as in communication systems. Furthermore, contrary to other works, in [160] and [161] , massive MIMO WPT was studied in light of the non-linear energy harvesting model. Waveform strategies (accounting for energy beamforming) suitable for a large scale multi-antenna multi-sine WPT architecture were derived in single-user and multi-user scenarios. The benefits of exploiting the nonlinearity of the rectifier in the system design was confirmed for Massive MIMO WPT.
Another promising technology for 5G is millimeter wave (mmWave) communication [182] , [183] , which utilizes the large available bandwidth at mmWave frequencies (typically from around 30GHz to 300GHz) and large antenna arrays at the BSs (also possibly at the mobile stations) to enable Gigabits per second (Gbps) radio access. Thanks to the significantly reduced signal wavelength, large antenna arrays for mmWave systems can be packed compactly with small form factors, which makes mmWave also an appealing technique for WPT applications [184] . However, mmWave signals usually suffer from poor penetration and diffraction capabilities, which make them sensitive to blockages. Thus, more research efforts are needed to develop effective techniques to realize reliable mmWave WPT systems.
Both massive MIMO and mmWave WPT systems rely on large antenna arrays at the ETs to achieve highly directional transmissions. This renders the traditional digital signal processing technique that requires one RF chain for each antenna costly, in terms of both hardware implementation and power consumption. Extensive efforts have been recently devoted to enabling cost-effective massive MIMO and mmWave wireless communications via techniques such as analog beamforming [185] , hybrid analog/digital processing [186] ,or the advanced lens antenna arrays [187] , [188] . The extension of such techniques for cost-effective WPT is a promising avenue for future research [189] .
C. Wireless Charging Control
For WPT networks with a large number of ETs serving massive ERs, effective wireless charging control mechanisms need to be devised for real-time decisions such as user scheduling [190] , frequency usage, ER and ET association and on/off control [191] , and the amount of power to be transmitted, etc. Efficient wireless charging control is in general a complicated task that needs to both minimize energy outage and also avoid battery over-charging/overflow, which depends on various factors including the CSI between the ETs and ERs, the ERs' battery status information (BSI) and their energy demands [192] , user fairness, etc. For example, from the perspective of maximizing the overall energy transfer efficiency, the ERs that have the best channel conditions should be scheduled for WPT at each time slot. On the other hand, to avoid battery depletion of the nodes and hence prolong the network lifetime, higher priority should be given to those nodes with low residual battery energy and high energy consumption demands. Moreover, to reduce control and feedback overhead, wireless charging control decisions usually need to be made in a distributed manner based on local information. For WPT systems over wide-band frequencyselective channels, the authors in [193] proposed a votingbased distributed charging control protocol. With this protocol, each ER estimates the wide-band channels, casts the votes for some strong sub-channels for energy transmission and sends them to the ETs along with its BSI, based on which the ETs allocate their transmit power over the sub-channels without the need of centralized control.
D. Joint Design With Wireless Communications
As wireless power and communication systems both use RF waveforms as the energy/information carrier, they could be jointly designed to seamlessly integrate each other. There are three main lines of research along this direction, namely SWIPT, wireless powered communications, and coexisting design of WPT and wireless communication systems.
In SWIPT systems [39] - [41] , information and power are transmitted concurrently from the same nodes using the same RF waveforms, where the information and energy receivers could either be co-located or separated. Numerous research efforts have been recently devoted to maximizing the achievable rate-energy region under various setups of SWIPT systems [107] - [110] . At the transmitter side, the power allocation, beamforming/precoding, waveform, frequency selection, etc., need to be carefully optimized to achieve the optimal trade-off between information and power transmissions [159] , [194] - [198] . At the receiver side, various information/energy receiving strategies have been proposed. For example, for co-located energy/information receivers, time switching and power splitting are two prominent strategies to achieve both energy and information receptions at the same node [41] , [199] - [201] . The performance benefits of time switching vs power switching nevertheless highly depends on the rectifier (linear vs non-linear) model [159] . An integrated receiver architecture has also been proposed [119] , where the information is encoded in the energy signal by varying its power levels over time for achieving continuous information transfer without degrading the power transfer efficiency. Recently, the authors in [202] proposed another innovative architecture for SWIPT by utilizing multi-sine waveforms for energy transfer and their distinct PAPR for information transmission. SWIPT has also been extensively studied for cooperative relaying systems [203] - [209] , where the relay node needs to receive wireless energy sent from the source or destination nodes for relaying the information signal. Researchers are now working actively to practically realize the promising concept of SWIPT [112] . Another interesting application in SWIPT systems is to utilize the energy signals as artificial noise to protect the messages for the information receivers from being eavesdropped by the non-intended energy receivers [210] , [211] .
For wireless powered communication systems [42] - [47] , [212] - [215] , the energy for wireless communications at the devices is obtained via WPT upon usage. In this case, both the wireless power and communication links need to be jointly designed, under the new constraints that the harvested power at the wireless devices should be no smaller than that used for communications. Wireless powered communication systems are commonly studied based on the harvestthen-transmit (HTT) protocol [42] , [216] , where the wireless devices first harvest sufficient energy with WPT for certain time duration before initiating information transmission. Alternatively, RF energy harvesting and wireless communication could occur concurrently at the wireless devices with the novel concept of energy/information full-duplex, where each wireless device performs simultaneous energy harvesting and information transmission, with the additional benefit of selfenergy recycling [207] . For multi-user wireless powered communication systems, a "doubly near-far" problem has been revealed, where a far ER from the ET suffers from higher loss than a near ER for both downlink wireless power transfer and uplink information transmission [42] . Various techniques have been proposed to mitigate the doubly near-far problems, such as via user cooperation [217] or separating the energy and information access points [46] .
Last, WPT and wireless communication systems could also be designed to operate separately, but with the coexisting issues properly addressed. Besides using orthogonal bands for information and power transmissions, the two systems could share the same band for more efficient spectrum utilization, as long as the interference to wireless communications caused by energy signals is effectively mitigated [148] , [218] . Note that different from that in wireless communication systems, the presence of the coexisting information signal actually contributes as the additional RF source to energy harvesting at the WPT receivers. Cognitive radio techniques have been recently applied for coexisting wireless information and power transfer systems [219] , [220] . Furthermore, it is shown in [148] that the single-beam time sharing scheme discussed in Section IV-B only occupies one spatial dimension at each time interval, and thus is preferred for coexisting wireless power and communication systems. Another major challenge for the coexisting systems stems from the fact that the energy signals are usually orders-of-magnitude stronger than the information signals due to the different receiver sensitivities for information decoding and energy harvesting. This may cause severe signal distortion at the information receiver due to device saturation (e.g., power amplifiers and analog-todigital converters). There are some existing studies to address this issue, e.g., by using lens antenna arrays to automatically separate the energy and information signals in the antenna domain [221] , or by suppressing the strong energy signal prior to digital signal processing using analog circuits at the receiver frontend [222] .
VII. CONCLUSIONS
This article provides a tutorial overview on the main communication and signal processing techniques for WPT systems. Under the linear energy harvesting model, the main techniques for enhancing the RF power transfer efficiency are firstly discussed in single-user WPT systems, including energy beamforming, channel acquisition, retrodirective amplification, etc. For multi-user WPT systems, the various networking architectures with different levels of cooperation among the ETs are then introduced, followed by the power region characterizations via convex optimization techniques. The nonlinear energy harvesting model and the corresponding waveform optimizations to further enhance the power transfer efficiency are presented next. Finally, we provide further discussions on various other topics pertaining to WPT, including safety and health issues, WPT using massive MIMO and mmWave techniques, wireless charging control, and wireless power and communication systems co-design. It is hoped that the techniques presented in this article will help inspiring future researches in this exciting area as well as paving the way for practically designing and implementing efficient WPT systems in the future.
